Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum. 
Abstract
Since 1996, when the New Jersey Department of Environmental Protection (NJDEP) restricted ground-water withdrawals from the Potomac-Raritan-Magothy aquifer system in the southern New Jersey Coastal Plain as a result of excessive drawdown, Coastal Plain communities have been interested in developing alternate sources of water supply for their residents. The use of ground water from areas near the updip parts of the overlying confined aquifers where withdrawals are not restricted is being considered to meet the demand for drinking water. Concerns have arisen, however, regarding the potential effects of increased withdrawals from these areas on ground-water flow to streams and wetlands as well as to the deeper, confined parts of the aquifers. Therefore, the U.S. Geological Survey, in cooperation with the NJDEP, conducted a study to investigate the sources of water to currently inactive wells in the updip part of the Wenonah-Mount Laurel aquifer in Gloucester and Camden Counties, New Jersey. Of particular interest is whether the primary source of the increased withdrawals is likely to be the aquifer outcrop or the downdip, confined part of the aquifer.
The outcrop of the Wenonah-Mount Laurel aquifer covers nearly 8 mi 2 (square miles), or about 46 percent of Deptford Township's 17.56-mi 2 area. The Deptford Township Municipal Utilities Authority owns six currently (2005) inactive wells in the Wenonah-Mount Laurel aquifer at the southeastern boundary of Deptford Township, 1.25 mi (miles) from the outcrop. For the purposes of this study, an existing ground-water-flow model of the New Jersey Coastal Plain aquifers was used to simulate ground-water-flow conditions in Gloucester and Camden Counties in 1998.
Two alternative withdrawal scenarios were superimposed on the results of the 1998 simulation. In the first (the "fullallocation" scenario), full-allocation withdrawal rates established by the NJDEP were applied to 45 existing wells in the Deptford Township area. In the second (the "additional-withdrawal" scenario), the full-allocation scenario was modified by adding an additional withdrawal of 1.62 million gallons per day from the six inactive Deptford Township withdrawal wells.
Simulated drawdown for the full-allocation scenario is zero to near zero in Deptford Township. Changes are greatest downdip from Deptford Township, where a broad area of 5-to 10-ft (feet) drawdowns is simulated; maximum drawdown at the center of the cone of depression is 20 ft. Water levels declined as much as 10 ft around individual wells whose current withdrawals are only a small percentage of their allotted allocation.
Simulated drawdown for the additional-withdrawal scenario exceeds 40 ft and is centered around the six inactive Deptford Township withdrawal wells. The area in which the simulated drawdown is 5 ft extends approximately 3.75 mi downdip from the wells and 2 mi updip, into the outcrop.
Water budgets based on the simulation results for the fullallocation and additional-withdrawal scenarios were calculated and compared, with particular focus on a 75-mi 2 area in and around Deptford Township that includes the outcrop of the Wenonah-Mount Laurel aquifer and part of the area downdip from the outcrop (budget zone 2). The comparison of the two water budgets for zone 2 shows that 46 percent of the withdrawals from the six inactive Deptford Township wells would result from reduced stream base flow in the outcrop of the Wenonah-Mount Laurel aquifer and 35 percent would result from increased downward flow from the overlying Vincentown aquifer. Four percent would result from increased flow from the downdip areas of the Wenonah-Mount Laurel aquifer, 5 percent would result from decreased flow to the downdip areas of the Wenonah-Mount Laurel aquifer, and 5 percent would result from decreased flow to the underlying Englishtown aquifer system. The remaining 4 percent was attributed to decreased upward flow to the overlying Vincentown aquifer.
Records from three streamflow-gaging stations and four low-flow partial-record stations around the Deptford Township area were analyzed to determine base flow for comparison to the water-budget values. Statistics from only one station, Still Run near Mickleton, N.J. (01476600), were used in the estimation of base-flow reduction because the Wenonah-Mount Laurel outcrop covers 75 percent of the drainage basin's area. The unit-area base flow of 1.05 cubic feet per second per square mile calculated for the Still Run station was assumed for all streams draining the outcrop. Using this base-flow value, the outcrop area of 22.61 mi 2 within budget zone 2 would yield 23.7 ft 3 /s (cubic feet per second) of base flow. Simulation results for this budget zone include a 1.15-ft
Introduction
Since 1996, when the New Jersey Department of Environmental Protection (NJDEP) restricted ground-water withdrawals from the Potomac-Raritan-Magothy aquifer system in the southern New Jersey Coastal Plain as a result of excessive drawdown, Coastal Plain communities have been interested in developing alternate sources of water supply for their residents. The use of ground water from areas near the updip parts of the overlying confined aquifers where withdrawals are not restricted is being considered to meet the demand for drinking water.
Three aquifers that potentially could be used for water supply in the southern New Jersey Coastal Plain are the Vincentown aquifer, the Wenonah-Mount Laurel aquifer, and the Englishtown aquifer system. The Vincentown aquifer is 20 to 80 ft thick and extends in the subsurface from Monmouth to Salem Counties, but only in a narrow band 3 to 10 mi wide adjacent and parallel to the outcrop area. The moderately permeable sands in and near the outcrop grade rapidly into finer grained silts and clays downdip. The Englishtown aquifer system thins from northeast to southwest and commonly is less than 40 ft thick in the study area. Sands in this aquifer system become finer to the southwest, and local silt and clay beds are common. (See Zapecza, 1989.) In contrast, the Wenonah-Mount Laurel aquifer tends to thicken to the southwest (Barksdale and others, 1958) ; it consists primarily of sand in the study area and is 100 to 120 ft thick (Zapecza, 1989) .
Currently (2005), all production wells that tap the Wenonah-Mount Laurel aquifer between northern Burlington County and Salem County are within 10 mi of the downdip (southeastern) extent of the Wenonah-Mount Laurel aquifer outcrop (Zapecza, 1989) . In 1998, water withdrawn for public supply from the Wenonah-Mount Laurel aquifer-most from wells 3 to 10 mi from the downdip extent of the aquifer outcrop ( fig. 1 )-totaled 9.01 Mgal/d. Interest in developing new sources of water has raised questions however, concerning the sources of water to wells that would withdraw from the updip portions of the aquifer, 1 to 3 mi from the downdip extent of the aquifer outcrop. Therefore, the U.S. Geological Survey (USGS), in cooperation with the NJDEP, conducted a study to examine the effects of increased withdrawals from the updip portion of the Wenonah-Mount Laurel aquifer on ground-water flow to streams and wetlands, and (or) downdip to deeper, confined portions of the Wenonah-Mount Laurel aquifer. Of particular interest is whether the primary source of water withdrawn from updip wells is likely to be the downdip, confined part of the aquifer or the aquifer outcrop.
An existing model of the New Jersey Coastal Plain (Voronin, 2003) was used to simulate withdrawals from wells near the Wenonah-Mount Laurel aquifer outcrop. The simulation results, as well as ground-water flow budgets and base-flow analysis, were used to estimate the effects of the withdrawals from the Wenonah-Mount Laurel aquifer on the surface-water system in the outcrop area and on the ground-water system in the deeper, confined portion of the aquifer. The results of this study will be useful in aiding water managers to understand the effects of withdrawals near the outcrops of regional confined aquifers in other parts of the Northern Atlantic Coastal Plain.
Purpose and Scope
This report describes the results of a simulation of ground-water flow in the Wenonah-Mount Laurel aquifer using an existing ground-water-flow model (Voronin, 2003) . Two alternative withdrawal scenarios are simulated to determine the sources of water to six currently inactive wells in the Deptford Township area. The report describes the hydrogeology of the study area, the model used to run the withdrawal scenarios, the model input, estimated withdrawals for 45 existing wells in the Deptford Township area, and the simulation results for each of the withdrawal scenarios. Simulation results include maps of simulated water levels, drawdowns, and ground-water budgets for the two alternative withdrawal scenarios. Results of base-flow analysis for three streamflow-gaging stations and four low-flow partial-record stations around Deptford Township are presented. Changes in simulated discharge to streams and simulated available drawdown resulting from potential increases in ground-water withdrawals are discussed.
Description of Study Area
The study area includes Gloucester and Camden Counties and adjacent portions of Salem and Burlington Counties in the Coastal Plain of New Jersey ( fig. 2) fig. 2 ) at the southeastern boundary of Deptford Township, 1.25 mi from the Wenonah-Mount Laurel aquifer outcrop, are owned by the Deptford Township Municipal Utilities Authority (MUA). These wells were included in the model to examine the effects of simulated withdrawals from them on the ground-water and surface-water flow systems and to determine the sources of water to these wells.
A T L A N T I C O C E A N
To examine the effects of withdrawals from the Wenonah-Mount Laurel aquifer, which is hydraulically connected to aquifers and confining units above and below, the entire hydrologic system and associated stresses must be simulated. Therefore, the calibrated ground-water flow model used in this investigation simulates flow in the entire New Jersey Coastal Plain. The extent of the regional model is shown in figure 2.
Hydrogeologic Setting
The New Jersey Coastal Plain consists of a seaward-dipping wedge of unconsolidated sediments that range in age from Cretaceous to Holocene ( fig. 3 ). These sediments consist mainly of clay, silt, sand, and gravel. Units that are mostly sand and gravel are permeable and are considered aquifers, and those that are mostly silt and clay are relatively impermeable and are considered confining units.
The Wenonah-Mount Laurel aquifer is directly overlain by a complex series of geologic units ranging in age from Late Cretaceous to Miocene. These units are predominantly silty and clayey glauconitic quartz sands and, as a group, are known as the "composite" confining unit (Zapecza, 1989, p. B14) . This unit (called the Vincentown-Manasquan confining unit and Navesink-Hornerstown confining unit in figure 3), which has low to moderate permeability, separates the WenonahMount Laurel aquifer from the younger Kirkwood-Cohansey aquifer system. Three minor aquifers can be found in the composite confining unit (table 1); only the Vincentown aquifer, which coincides with the Vincentown Formation, is important in the study area because it contains fairly permeable sand that can be used locally as a source of water.
The Wenonah-Mount Laurel aquifer consists of the coarse-grained part of the Wenonah Formation and the Mount Laurel Sand, both of Late Cretaceous age (table 1 and fig.  3 ; Zapecza, 1989) . The aquifer extends beneath much of the Coastal Plain of New Jersey and crops out in a narrow band 1 to 3 mi wide that extends from Monmouth County southwest into Salem County ( fig. 1 ). The aquifer reaches thicknesses of 100 to 120 ft near its outcrop in Burlington, Camden, Gloucester, and Salem Counties. Elsewhere, thicknesses of 60 to 80 ft are common. (See Zapecza, 1989 .)
The Wenonah-Mount Laurel aquifer is directly underlain by the Marshalltown-Wenonah confining unit, which is made 
Figure . [Modified from Martin (1998, (Nichols, 1977, p. 20) . The Englishtown aquifer system is underlain by the Merchantville-Woodbury confining unit, which is the most extensive confining unit in the Coastal Plain (table 1 and fig.  3 ). The Merchantville-Woodbury confining unit is underlain by the Potomac-Raritan-Magothy aquifer system, which is the most productive aquifer system in the Coastal Plain. The Potomac-Raritan-Magothy aquifer system is underlain by the pre-Cretaceous bedrock. Additional discussion of the hydrogeology of the New Jersey Coastal Plain, including these units, can be found in Zapecza (1989) .
The potentiometric surface of the Wenonah-Mount Laurel aquifer in and around Deptford Township ranges in altitude from 81 ft below NGVD 29 within the cone of depression that extends across the Camden-Gloucester County border downdip from Deptford Township, to more than 87 ft above NGVD 29 in the northern part of Camden County (Lacombe and Rosman, 2001) (fig. 4) . The aquifer is recharged by precipitation, mainly at low points in the outcrop area, and by leakage through overlying hydrogeologic units (Barksdale and others, 1958; Hardt and Hilton, 1969) . Most of the recharge moves locally through the aquifer and is discharged to streams that cross the outcrop area (Barksdale and others, 1958) .
Simulation of Ground-Water Flow
An existing ground-water-flow model (Voronin, 2003) was used to simulate flow in and around Deptford Township under two alternative withdrawal conditions to examine the effects of ground-water withdrawals on ground-and surfacewater flow. Results of the simulations were used to estimate the amount of ground water flowing into and out of specified budget zones, or groups of model cells, and to determine the sources of water to wells. In addition, "available drawdown," defined as the distance between the top of the aquifer layer and the water level in the aquifer under withdrawal conditions, was determined.
Model Design
As part of the USGS Regional Aquifer System Analysis (RASA) program, a model was developed and calibrated for the New Jersey Coastal Plain (Martin, 1998) . This model simulates flow in the sediments that make up the 10 aquifers and 9 intervening confining units of the New Jersey Coastal Plain (table 1, fig. 3 ). The cell size ranged from 6.25 mi 2 in the southeastern part of the Coastal Plain to 47.5 mi 2 in offshore areas. The model was designed with a coarse grid because the model area was large-9,000 mi 2 -and computer capabilities were limited.
For this study, a revised version of the original RASA model was used to evaluate the effects of ground-water withdrawals on flow and water levels in the Wenonah-Mount Laurel aquifer in Gloucester and Camden Counties. The revised RASA model (Voronin, 2003) includes (1) a rediscretization of the model parameters with a finer cell size, (2) a spatially variable recharge rate that is based on rates determined as part of recent studies of the surficial aquifers in the Coastal Plain, and (3) ground-water withdrawal data from 1981-98.
The input data for the revised RASA model (Voronin, 2003) were formatted for use with MODFLOW-96, a version of the modular finite-difference ground-water-flow model by Harbaugh and McDonald (1996) . The grid in the revised model consists of 135 rows and 245 columns; the cell size is 0.25 mi 2 in the northern and southwestern New Jersey Coastal Plain, including the area in and around Deptford Township; elsewhere, the cell size is 0.31 mi 2 in the southeastern Coastal Plain, and as large as 3.16 mi 2 in offshore areas. The ratio of the number of cells in the revised RASA model (Voronin, 2003) to the number of cells in the original RASA model (Martin, 1998 ) is 25 to 1 in onshore areas.
The assignment of the Coastal Plain sediments into aquifers and confining units in the original RASA model was not changed in the revised model (table 1, fig. 3 ). Most of the dipping Coastal Plain units have outcrop areas that receive recharge from precipitation and are in direct contact with streams. All of the layers are modeled as confined with a constant saturated thickness. Aquifer and confining-unit outcrop areas are modeled with an areally variable recharge rate, overlying constant-head stream cells, and an unconfined storage coefficient.
Martin (1998) modeled the 10 major aquifers and the streams using an 11-layer model in which the streams were represented as a layer of overlying constant-head nodes. In the revised model (Voronin, 2003) , the streams were modeled using the River and Drain packages of MODFLOW-96 and required no layer designation. The finer grid-cell size in the revised model allows for more accurate representation of the streams. Each of the larger cells in the original RASA model (Martin, 1998) represented at least one reach of a stream, and, in many cells, many stream reaches were represented. Consequently, the stream stage for each original cell represented an average stage of all stream reaches in a cell. In contrast, the maximum stream length represented in each model cell in the revised model is approximately 80 percent smaller than the maximum stream length represented in the original RASA model, and not all cells representing unconfined or outcropping aquifers contain a stream (see Voronin, 2003) . Model rediscretization also allows simulated withdrawals to be The model boundaries in the revised model (Voronin, 2003) are the same as those used in Martin's (1998) original 11-layer RASA model and are shown in cross-section view in figure 5. The northwestern (updip) limit of Coastal Plain sediments is the Fall Line and is modeled as a no-flow boundary. The lower boundary of the model is crystalline bedrock and is modeled as a no-flow boundary. Flows at the lateral boundaries in the northeast and southwest are from Martin's original RASA model for stress periods 1 to 3. The lateralboundary flows for stress periods 4 to 21 were calculated by using the New Jersey Coastal Plain model constructed by Pope and Gordon (1999) , except those in the Potomac-RaritanMagothy aquifer system at the boundary between Delaware and New Jersey. Outward lateral fluxes at the Delaware-New Jersey boundary were increased to reflect the large increase in ground-water withdrawals in Delaware since 1988.
The southeastern (downdip) model boundary in the Potomac-Raritan-Magothy aquifer system is a stationary noflow boundary that represents the downdip limit of freshwater in the aquifer. The Englishtown aquifer system and the Wenonah-Mount Laurel, Vincentown, and Piney Point aquifers are not continuous throughout the New Jersey Coastal Plain. The limit of these aquifers in the southeast also is modeled as a noflow boundary. The southeastern model boundary in the lower, confined part of the Kirkwood-Cohansey aquifer system and the upper, unconfined part of the Kirkwood-Cohansey aquifer system is a specified-flux boundary. The upper boundary of the model is a head-dependent-flux boundary in cells that rep- resent the stream reaches in the model area. In other onshore areas, the upper boundary is a recharge boundary where all applied ground-water recharge flows downward through confining units and aquifers or laterally into aquifers. In offshore areas, the upper boundary is a constant freshwater equivalent water level (see Voronin, 2003) .
At the upper boundary of the revised model, a spatially variable recharge rate is applied to cells that represent the outcrop areas of aquifers and confining units without wetlands ( fig. 5 ). The recharge rate applied to the outcrop areas is equal to long-term precipitation minus long-term evapotranspiration and surface-water runoff. The amount of precipitation that becomes surface-water runoff is controlled by the topography and lithology of the outcrop area. The precipitation that recharges the outcrop areas eventually flows to surface-water bodies, such as streams or the ocean, as ground-water discharge. Ground-water discharge can be local flow to nearby streams within the shallow aquifer system, intermediate flow to nearby streams, or regional flow to larger rivers or the ocean (see Voronin, 2003) .
The revised model was calibrated by trial-and-error adjustment of the vertical-leakance values, storage-coefficient values, streambed-conductance values, lateral-boundary fluxes, and recharge rates. During model calibration, it was found that changes to only the five model parameters listed above improved the calibration in any particular area; therefore, these parameters were changed from Martin's (1998) original RASA model-input data. These five parameters were adjusted during model calibration to minimize the difference between simulated and measured values of one or more of the following: (1) estimated base flow for five river basins, (2) water levels in 28 selected observation wells for which long-term hydrographs were available, and (3) potentiometric surfaces for 1978 , 1983 , 1988 , 1993 conditions (see Voronin, 2003 .
In general, the water levels simulated with the revised model (Voronin, 2003) and measured water levels match closely; in most areas they are within 20 ft. Long-term hydrographs of simulated and measured water levels for 28 wells show that simulated water levels, in general, are within 25 ft of measured water levels and, in most cases, are within 5 ft. The simulated and calculated base flows at continuous streamflow-gaging stations in five river basins in the Coastal Plain compare well: all differences are less than 31 percent. The two largest basins with the longest periods of record match within 11 percent; the differences for the three smaller basins range from 14 to 31 percent (see Voronin, 2003) . For a detailed discussion of the design, calibration, and boundaries of the original and revised RASA models, refer to Martin (1998) and Voronin (2003) , respectively.
In this study, minor changes were made to the revised RASA model. The vertical conductance (hydraulic conductivity divided by thickness) of the Vincentown-Manasquan confining unit, including the area in and around Deptford Township, was modified to improve the representation of the geohydrologic framework. Properties in fewer than 50 cells of the revised RASA model were changed. Withdrawal data for wells in and around Deptford Township for the two alternative scenarios were collected and added to the model; however, no additional calibration or sensitivity analysis was done. Use of the RASA model for this analysis is appropriate because the model was designed and shown to be an effective tool to simulate ground-water flow in the confined aquifer system and to provide reasonable estimates of the sources of water to wells (Martin, 1998) . The Deptford Township wells are in the confined part of the aquifer, near its updip limit. Increased withdrawals from the Deptford Township area are expected to affect flow to streams in the nearby outcrop area and regional confined flow. Simulation results are used to estimate flow budgets to determine whether the source of water for the proposed Deptford Township withdrawals is likely to be the confined portion of the aquifer or the aquifer outcrop. Changes in flow to individual streams are not evaluated because of the regional scale of the model.
Description of Scenarios
The revised RASA model (Voronin, 2003) was used to simulate steady-state ground-water flow in and around Deptford Township under two alternative withdrawal conditions. The confined aquifers throughout the Coastal Plain of New Jersey typically respond quickly to changes in stress. Simulated hydrographs from Martin (1998) generally show that simulated water levels approach steady-state quickly (by the end of the pumping period). The steady-state water-supply scenarios simulate maximum changes in the ground-water flow system that are likely to occur after several years of constant withdrawals.
Initially, steady-state water levels were simulated using 1998 withdrawals. The results of this simulation provide a baseline with which to compare the results of the other simulations and the synoptic water levels measured in the Coastal Plain in 1998 (Lacombe and Rosman, 2001) (fig. 4) . The first of two alternative withdrawal scenarios (full allocation) is a simulation of water levels that could occur if 1998 conditions were modified so that ground-water withdrawals from 45 existing wells in and around the Deptford Township area were equal to the maximum allocated withdrawals. The second withdrawal scenario (additional withdrawals) is a simulation of water levels resulting from 1998 withdrawals and fullallocation withdrawals from the 45 wells plus an additional 1.62 Mgal/d pumped from the six currently inactive Deptford Township MUA withdrawal wells screened in the WenonahMount Laurel aquifer near its updip limit in Deptford Township. Results of this simulation provide information on the sources of water to these wells and on the effects of withdrawals from these wells on the ground-water flow system in the surrounding area.
Estimation of Withdrawals
Different withdrawal-data sets were used for the two alternative withdrawal scenarios. First, the model was used to delineate the area of influence (Modica, 1998) , or cone of depression, attributed to withdrawals from the six currently inactive withdrawal wells in the Wenonah-Mount Laurel aquifer in Deptford Township. The area of influence was defined as the area in which the drawdown exceeded about 0.5 ft when withdrawals of 1.62 Mgal/d were added to the 1998 withdrawals. Water users within the area of influence may affect or be affected by increased withdrawals in Deptford Township. Nineteen water purveyors with 45 wells that withdraw water from the Wenonah-Mount Laurel aquifer within the area of influence were identified for inclusion in the full-allocation and additional-withdrawal scenarios ( fig. 6) .
Monthly or annual full-allocation withdrawal values for the Wenonah-Mount Laurel aquifer within the area of influence were obtained from Bureau of Water Allocation (BWA) permit files at the NJDEP office in Trenton, N.J. In most cases, the BWA allocation permits do not specify withdrawal limits on a well-by-well basis; rather, limits typically are specified for the entire BWA permit or for groups of wells in the same aquifer. The full-allocation withdrawal rates of individual wells were estimated by comparing the relative withdrawals among wells included in a BWA permit on the basis of water-use data obtained from NJDEP. Average yearly withdrawals for 1994-98 for each well included in a BWA permit were totaled and the percentage of the total for the permit was calculated for each well. This percentage was applied to the Wenonah-Mount Laurel aquifer full-allocation value for each permit to calculate the full-allocation value for each well. Estimates of the full-allocation conditions for BWA permits with specific allocations for the Wenonah-Mount Laurel aquifer are shown in table 2.
For BWA permits in which the full allocation was not specified by aquifer, the historical distribution of withdrawals among aquifers was used to estimate each aquifer's fullallocation withdrawals. The percentage of the total average 1994-98 withdrawal for each aquifer was calculated. This percentage was then applied to the full-allocation value for the permit to estimate the Wenonah-Mount Laurel aquifer withdrawal at full allocation. The Wenonah-Mount Laurel aquifer full-allocation value was then subdivided based on the percentage of the total average 1994-98 withdrawals from the Wenonah-Mount Laurel aquifer for each well. Estimates of full-allocation withdrawals for BWA permits with combined allocations are shown in table 3. The increase from average 1994-98 ground-water withdrawals to full allocation for the 45 wells in the Wenonah-Mount Laurel aquifer within the area of influence was 1,693.8 Mgal/yr.
Water Levels and Drawdown
A simulated potentiometric-surface or drawdown map was constructed for each scenario-a simulated potentiometric-surface map for 1998 withdrawal conditions and a simulated drawdown map showing the change in water levels produced by increased withdrawals for the full-allocation and additional-withdrawal scenarios. For the full-allocation scenario, the drawdown is the change from the 1998 simulated water levels. For the additional-withdrawal scenario, drawdown is the difference in water levels from the full-allocation to the additional-withdrawal scenario. 
Simulation

Full-Allocation Scenario
Simulated drawdown for the full-allocation scenario ( fig.  8 ) is zero to near zero in Deptford Township under full-allocation conditions. Changes are greatest downdip from Deptford Township, where a broad area of 5-to 10-ft drawdowns is simulated; maximum drawdown at the center of the cone of depression is 20 ft. Water levels declined as much as 10 ft around individual wells whose current withdrawals are only a small percentage of their allotted allocation.
Additional-Withdrawal Scenario
Simulated drawdown for the additional-withdrawal scenario ( fig. 9 ) is greater than 40 ft and is centered around the six inactive withdrawal wells in Deptford Township. Drawdown decreases to 5 ft approximately 3.75 miles downdip from the wells and 2 miles updip, into the outcrop.
Available Drawdown
Model simulations of the full-allocation scenario and the additional-withdrawal scenario were used to determine "available drawdown." Available drawdown is defined as the distance between the water level in the aquifer and the top of the aquifer. The drawdowns for the full-allocation scenario and In the full-allocation scenario, water levels range from about 10.4 to about 36.6 ft above the top of the aquifer. In the additional-withdrawal scenario, water levels in the six inactive Deptford Township withdrawal wells are below the top of the aquifer, indicating no available drawdown. Where the actual water levels are below the top of the aquifer, the resulting saturated thickness is less than the thickness of the aquifer; however, estimates of model transmissivity were based on the assumption that aquifer thickness is a reasonable estimate of aquifer saturated thickness. Therefore, the model transmissivity in the six withdrawal nodes is too high, causing simulated drawdowns to be smaller than drawdowns that would be simulated if model transmissivity were based on actual saturated thickness. Simulated drawdowns are expected to be underestimated only in close proximity to the withdrawal wells.
Sources of Water to Wells
Simulated ground-water-flow budgets for both the fullallocation and additional-withdrawal scenarios were analyzed to determine the effects of increased withdrawals on the ground-water-flow system in and around Deptford Township. Base-flow-separation and low-flow-correlation programs were used to calculate flow statistics for streamflow-gaging and low-flow partial-record stations, respectively, on streams that drain the outcrop of the Wenonah-Mount Laurel aquifer. The flow statistics were used as a baseline from which to estimate the potential effects of the two alternative withdrawal scenarios on streamflow. Calculated base flows were then compared with simulated base-flow values from the groundwater budgets to determine the effects of the withdrawals on surface-water flow.
Ground-Water Budgets
Water budgets were calculated from simulation results for the full-allocation and additional-withdrawal scenarios by using the computer program Zonebudget (Harbaugh, 1990) . Eight zones, three of which are in the Wenonah-Mount Laurel aquifer, were designated in and downdip from the Wenonah-Mount Laurel aquifer outcrop and southeast of Deptford Township ( fig. 10 ) to determine the effects of increased withdrawals on ground-water flow in selected areas. Results of the Zonebudget program for zones 1 to 5 for the full-allocation and additional-withdrawal scenarios are shown in table 5. Zone 1 (fig. 10 ) is in the Vincentown aquifer (where present) and overlies zones 2 to 4. Zones 2 to 4 are in the WenonahMount Laurel aquifer ( fig. 11) . Zone 2 includes the aquifer outcrop area and the area surrounding the inactive Deptford Township withdrawal wells. Zone 3 is a narrow transition zone between the outcrop area (zone 2) and the downdip, confined part of the Wenonah-Mount Laurel aquifer (zone 4) where the 1998 synoptic water levels exhibited a steep gradient (fig.  4) . Zone 5 is in the Englishtown aquifer system and underlies zones 2 to 4. Flows from zone 0 are horizontal flows into and out of the aquifer from outside the budget area. Flows from zones 6 and 7 are horizontal flow into the Vincentown aquifer (zone 1) and flow from the Englishtown aquifer system (zone 5), respectively. Zonebudget was used to calculate simulated ground-water flow into and out of each zone as well as to streams and wells.
The budgets calculated from the simulated flows for the two alternative withdrawal scenarios were compared, with a particular focus on zone 2 (table 5) 
Base Flow
Estimated base flow at streamflow-gaging and low-flow partial-record stations on streams that drain the WenonahMount Laurel aquifer outcrop was compared to the simulated "streams" budget term (table 5) Available drawdown is defined as the distance between the water level in the aquifer and the top of the aquifer. to be affected by the withdrawals and may be an important source of water to the pumped wells.
Estimation of Base Flow
No streamflow-gaging or low-flow partial-record stations are located within the Wenonah-Mount Laurel outcrop area within the area of influence of the inactive Deptford Township withdrawal wells ( fig. 6 ). Therefore, records from the three streamflow-gaging stations and four low-flow partial-record stations that are closest to the area of influence were analyzed to determine mean annual base flow ( fig. 13 and table 6 ). Base flow for the streamflow-gaging stations was calculated by using the RORA program (Rutledge, 1993) . This program partitions the streamflow into overland flow, or direct runoff, and base flow, the ground-water component of streamflow. Mean annual discharge and base flow were calculated for the period of record (table 6) .
Because only a finite number of discrete measurements is available for the low-flow partial-record stations, the mean annual discharge for those stations was calculated by using a low-flow-correlation program (MOVE.1-Maintenance of Variance Extension, Type 1) (Hirsch and others, 1982) that correlates the instantaneous low-flow discharge at a low-flow partial-record station with the concurrent mean daily discharge at a nearby streamflow-gaging station, or index station. An equation is produced of the "best-fit" line through the data points that represent the mean daily discharge at the index station and the measured discharge at the low-flow partial-record station. The equation of the best-fit line is then used to estimate, or predict, specific discharge statistics at the low-flow partial-record station on the basis of the values of the same discharge statistics measured at the index streamflow-gaging station. Estimates of base flow were calculated for each of the four low-flow partial-record stations by using base-flow statistics from an appropriate index station. Flow statistics for the streamflow-gaging stations are more reliable than those for the low-flow partial-record stations because more measurements are available.
For each station the percentage of the drainage basin that coincides with the Wenonah-Mount Laurel outcrop and the percentages that consist of aquifer and confining unit were determined (table 6). The statistics from one station, Still Run near Mickleton, N.J. (01476600), were selected for use in the estimation of base-flow reduction because nearly 76 percent of the drainage basin consists of the Wenonah-Mount Laurel outcrop (table 6, fig. 13 ). In addition, mean annual base flow at this site is 1.05 (ft 3 /s)/mi 2 , which is nearly identical to the average base flow for all seven sites (1.09 (ft 3 /s)/mi 2 ). The period of record for this station is shorter than those for the other two streamflow-gaging stations, but the record is considered good (R.D. Schopp, U.S. Geological Survey, oral commun., 2003) . Because the period of record is short and includes the 1960's drought, base flow at this station was compared with that at another streamflow-gaging station with a long period of record that was operating at the same time. The base-flow program was run for the Salem River at Woodstown, N.J., streamflowgaging station (01482500) for its entire period of record, 1942-84, to obtain mean streamflow and mean base-flow statistics. The base-flow program was run again for the Salem River at Woodstown station for the period of record corresponding to that of Still Run near Mickleton (1958-65) for comparison. 5 1964-69, 1971-72, 1977, 1988-2000 (1942-84 and 1958-65) were nearly identical (11.41 and 11.38 ft 3 /s, respectively), but mean streamflow was higher for the entire period of record (19.17 ft 3 /s) than for 1958-65 (17.68 ft 3 /s), indicating that the ground-water contribution to streamflow is relatively constant and that overland flow accounts for nearly all the variability in mean streamflow and percent base flow. Therefore, although the mean annual streamflow and percent base flow for the Still Run station probably are lower than they would have been had the period of record not included the drought, the value for mean annual base flow is a good estimate for that station. The mean annual base flow at Still Run (1.05 (ft 3 /s)/mi 2 ) was assumed for all streams draining the Wenonah-Mount Laurel aquifer outcrop. Using this base-flow value, the outcrop area within budget zone 2 (22.61 mi 2 ) would yield 23.7 ft 3 /s of base flow.
Estimated Base-Flow Reduction
Simulation results for zone 2 show base flow to streams in 1998 is 9.00 ft 3 /s. Simulated base flow in the full-allocation and additional-withdrawal scenarios is 8.89 ft 3 /s and 7.74 ft 3 /s, respectively (table 5). The change in base flow from 1998 conditions to the full-allocation scenario (0.11 ft 3 /s) is small; the change in base flow between the full-allocation and the additional-withdrawal scenarios, however, is 1.15 ft 3 /s. This 1.15-ft 3 /s decrease is a 4.9-percent reduction in ground-water flow to streams from the full-allocation scenario to the additional-withdrawal scenario (table 5) .
The total simulated discharge to streams in the full-allocation scenario (8.89 ft 3 /s (table 5)) is considerably less than the estimated base flow from the outcrop area (23.7 ft 3 /s). The model simulated from 18 to 69 percent of the actual estimated base flow at the streamflow-gaging stations and low-flow partial-record stations. The value of simulated discharge to streams is closer to the value of estimated base flow at stations in basins that consist largely of the Kirkwood-Cohansey aquifer system outcrop. For stations in basins that consist largely of confining-unit outcrops, however, simulated discharge to streams is only a small percentage of estimated stream base flow. Simulated discharge to streams in these latter basins more closely resembles recharge to the deeper, confined parts of the aquifers than recharge to the outcrops. Despite this discrepancy, the simulated regional change in flow to streams is a reasonable estimate of the amount of water diverted from streams in the Deptford Township area in the additionalwithdrawal scenario. Changes in flow to individual streams, however, cannot be verified without additional data. 
Limitations of the Model
All models are an approximation of the actual groundwater-flow system and are based on simplified representations of complex heterogeneous systems. Assumptions such as isotropy and vertical homogeneity within each layer are examples of simplified representations that can be sources of simulation errors. The presence of local-scale hydrologic features not represented in the model; the use of estimated values for model parameters such as stream base flow, stream leakance, and the transmissivity of the unconfined aquifer for areas where data are limited; and the use of averaged values as input data also may lead to errors.
To quantify these errors, simulated water levels in the Wenonah-Mount Laurel aquifer under 1998 conditions ( fig. 7) were compared with water levels interpolated from contours drawn from water levels measured during the Coastal Plainwide synoptic water-level survey in the fall of 1998 (fig. 4 ). The median difference between simulated and interpolated water levels (water-level residuals) in 2,214 model cells in and around Deptford Township is 7.1 ft (range, -38 to 58 ft) ( fig.  14) , and 75 percent of the absolute differences are less than 17.6 ft. The mean difference between simulated and interpolated water levels is 7.6 ft, and the mean absolute difference is 12.3 ft. Even though the differences between simulated and interpolated heads are large in localized areas, both of these values are small in comparison to the range of water levels (-60 to 80 ft) that the model is intended to reproduce (fig. 4) . In general, the model dampens both the extreme high and extreme low water levels. The simulated high water levels northeast and southwest of Deptford Township are as much as 20 ft lower than the interpolated water levels in some places. Similarly, the simulated cones of depression downdip from Deptford Township are as much as 40 ft higher than interpolated values, and simulated water levels in the outcrop generally are 20 to 40 ft higher than interpolated water levels. These differences between simulated and interpolated water levels may be a result of contour interpretation, interpolation errors, limited water-level data for the outcrop area and other parts of the study area, unreported ground-water withdrawals, model error, or a combination of these factors.
In this study, simulations were conducted with the revised RASA model, which has been used successfully to evaluate the regional effects of increases in ground-water withdrawals on water levels in confined aquifers (Battaglin and Hill, 1989; Navoy, 1994; Martin, 1998; Voronin, 2003) . The simulated effects of a local well field on the regional flow system and the resulting estimate of the sources of water to wells are considered to be reasonable because (1) the area of influence of the proposed withdrawals ( fig. 6 ) is regional in extent, and (2) the degree of discretization in the revised RASA model, both at the inactive Deptford Township wells and between the wells and their source areas, is sufficiently small. The actual effects of withdrawals from the Deptford Township wells on local water levels and flow, however, are uncertain until verified by water-level and base-flow measurements. Therefore, although simulated water levels and flows in the outcrop cannot be considered well documented or precise, differences in simulated water levels and in the magnitude and direction of flows between the full-allocation and additional-withdrawal scenarios are considered to be reliable and to provide a reasonable estimate of the sources of water to wells.
Summary and Conclusions
Since 1996, when the NJDEP restricted ground-water withdrawals from the Potomac-Raritan-Magothy aquifer system in the southern New Jersey Coastal Plain as a result of excessive drawdown, Coastal Plain communities have been interested in developing alternate sources of water supply for their residents. The use of ground water from areas near the updip parts of the overlying confined aquifers where withdrawals are not restricted is being considered to meet the demand for drinking water. Three aquifers that potentially could be used for water supply in the southern New Jersey Coastal Plain are the Vincentown aquifer, the Wenonah-Mount Laurel aquifer, and the Englishtown aquifer system; of these three, the Wenonah-Mount Laurel aquifer is the thickest and most coarse grained in the study area. Currently (2005), all production wells that tap the Wenonah-Mount Laurel aquifer between northern Burlington County and Salem County are within 10 mi of the downdip (southeastern) extent of the Wenonah-Mount Laurel aquifer outcrop. In 1998, water withdrawn for public supply from the Wenonah-Mount Laurel aquifer-most from wells 3 to 10 mi from the downdip extent of the aquifer outcrop-totaled 9.01 Mgal/d. Interest in developing new sources of water has raised questions however, concerning the sources of water to wells that would withdraw from the updip portions of the aquifer, 1 to 3 mi from the downdip extent of the aquifer outcrop. Therefore, the USGS, in cooperation with the NJDEP, conducted a study to examine the effects of increased withdrawals from the updip portion of the aquifer on ground-water flow to streams and wetlands, and (or) downdip to deeper, confined portions of the Wenonah-Mount Laurel aquifer. Of particular interest is whether the primary source of water withdrawn from updip wells is likely to be the downdip, confined part of the aquifer or the aquifer outcrop. The results of this study will be useful in aiding water managers to understand the effects of withdrawals near the outcrops of regional confined aquifers in other parts of the Northern Atlantic Coastal Plain.
The study area includes Gloucester and Camden Coun- wells in the Wenonah-Mount Laurel aquifer at the southeastern boundary of Deptford Township, 1.25 mi from the WenonahMount Laurel aquifer outcrop. These wells were included in the model simulation to examine the effects of their potential withdrawals on the ground-water and surface-water-flow systems and to determine the sources of water to these wells.
An existing ground-water-flow model was used to simulate steady-state water levels in and around Deptford Township in 1998, as well as two alternative ground-water withdrawals scenarios. Initially, steady-state water levels were simulated using 1998 withdrawals. The results of this simulation provide a baseline with which to compare the results of the other simulations and the synoptic water levels measured in the Coastal Plain in 1998. The first of the two alternative withdrawal scenarios (full allocation) is a simulation of water levels that could occur if 1998 conditions were modified so that ground-water withdrawals from 45 wells in and around the Deptford Township area were equal to the maximum allocated withdrawals. The second withdrawal scenario (additional withdrawals) is a simulation of water levels resulting from 1998 withdrawals and full-allocation withdrawals from the 45 wells plus an additional 1.62 Mgal/d pumped from the six inactive Deptford Township MUA withdrawal wells screened in the Wenonah-Mount Laurel aquifer near its updip limit in Deptford Township.
Simulated steady-state water-level altitudes in Deptford Township in 1998 are 30 to 40 ft above NGVD 29. Small cones of depression (20 to 40 ft below NGVD 29) are present downdip from Deptford Township. The model simulated relatively high water levels (40 to 80 ft above NGVD 29) in areas northeast and southwest of Deptford Township, possibly because the Wenonah-Mount Laurel aquifer in this area is hydraulically connected to the overlying unconfined aquifer.
Simulated drawdown in the full-allocation scenario, which is the changes from the simulated 1998 water levels to the simulated full-allocation water levels, is zero or near zero in Deptford Township. Changes are greatest in a broad area downdip from Deptford Township, where drawdowns of 5 to 10 ft are common; maximum drawdown at the center of the cone of depression is 20 ft. Water levels declined as much as 10 ft around individual wells whose current withdrawals are only a small percentage of their allotted allocation.
Simulated drawdown in the additional-withdrawal scenario, which is the changes from the full-allocation water levels to the additional-withdrawal water levels, is greater than 40 ft and is centered around the six inactive withdrawal wells in Deptford Township. Drawdown is 5 ft approximately 3.75 miles downdip from the wells and 2 miles updip, into the outcrop.
A computer program was used to calculate water budgets from the full-allocation and additional-withdrawal simulation results. The budgets for the two model scenarios were compared, with particular focus on budget zone 2, which represents the outcrop of the Wenonah-Mount Laurel aquifer and the area surrounding the inactive Deptford Township withdrawal wells. Results of the comparison show that 46 percent of the Deptford Township withdrawals in the additional-withdrawal scenario would originate from reduced stream base flow in the Wenonah-Mount Laurel outcrop and 35 percent would result from increased downward flow from the overlying Vincentown aquifer. Five percent would originate from a decrease in flow to the downdip areas of the WenonahMount Laurel aquifer, and 5 percent would be derived from a decrease in flow to the underlying Englishtown aquifer system. Four percent would result from an increase in flow from the downdip areas of the Wenonah-Mount Laurel aquifer to the pumped wells. The remaining 4 percent represented decreased upward flow to the Vincentown aquifer.
Three streamflow-gaging stations and four low-flow partial-record stations in the Deptford Township area were analyzed to determine mean annual base flow for comparison to the water-budget values. Statistics from only one station, Still Run near Mickleton, N.J., were selected for use in the estimation of base-flow reduction because the outcrop of the Wenonah-Mount Laurel aquifer occupies nearly 76 percent of the drainage basin's area. Mean annual base flow at this station was assumed for all streams draining the Wenonah-Mount Laurel aquifer outcrop. Using this base-flow value, the outcrop area within budget zone 2 would yield 23.7 ft 3 /s of base flow. For budget zone 2, model results include a 1.15-ft 3 /s decrease (a 4.9-percent reduction) in ground-water flow to streams from the full-allocation scenario to the additional-withdrawal scenario.
On the basis of the simulations, the primary sources of the water withdrawn from the Wenonah-Mount Laurel aquifer when the inactive withdrawal wells in Deptford Township are pumped are the Wenonah-Mount Laurel aquifer outcrop and the Vincentown aquifer rather than the downdip parts of the Wenonah-Mount Laurel aquifer. The relatively low transmissivity of the Wenonah-Mount Laurel aquifer and the proximity of the wells to the outcrop area are the primary factors controlling the source of water for the withdrawals.
The accuracy of simulation results depends largely on the accuracy with which the model represents local parameters such as stream base flow, stream leakance, and the transmissivity of the unconfined aquifer. Although the simulations in this study were conducted with the revised RASA model, a regional model, the simulated effects of a local well field on the regional flow system and the resulting estimate of the sources of water to wells are considered to be reasonable because (1) the area of influence of the proposed withdrawals is regional in extent, and (2) the degree of discretization in the model, both at the inactive Deptford Township wells and between the wells and their source areas, is sufficiently small. The actual effects of withdrawals from the Deptford Township wells on local water levels and flow, however, are uncertain until verified by water-level and base-flow measurements. Therefore, although simulated water levels and flows in the outcrop cannot be considered well documented or precise, differences in simulated water levels and in the magnitude and direction of flows between the full-allocation and additionalwithdrawal scenarios are considered to be reliable and to provide a reasonable estimate of the sources of water to wells.
